INTRODUCTION
============

Osteoarthritis (OA), the most common type of degenerative joint disease, causes joint pain and disability ([@b1-bmb-51-508]). Several risk factors, including aging, gender, genetic predisposition, and obesity, are involved in the pathogenesis of OA. Degeneration of cartilage extracellular matrix (ECM), the major components of which are proteoglycans and collagens, is a key pathologic finding in OA. A variety of cytokines, such as interleukin (IL)-1 and tumor necrosis factor-α (TNF-α), lead to imbalance of cartilage homeostasis, subsequently degrading ECM by increasing inflammatory mediators, such as nitric oxide (NO) and prostaglandin E2, and catabolic enzymes, such as matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs ([@b2-bmb-51-508]).

Autophagy is an important process for the maintenance of cellular homeostasis in response to various types of stress. Several studies demonstrated that the defect of autophagy leads to diverse diseases, including neurodegenerative diseases and OA ([@b3-bmb-51-508]). There is accumulating evidence that disturbance of autophagy is related to chondrocyte death and survival. Because chondrocytes, the single type of cells embedded in articular cartilage, are responsible for ECM homeostasis, such as synthesis and turnover, regulation of chondrocyte survival is crucial in the pathogenesis of OA ([@b4-bmb-51-508]). Autophagic markers in the articular cartilage of normal humans, sham, and young mice were higher than those in human OA, surgically induced OA and aging mice, respectively, indicating that autophagy may serve as a protective mechanism ([@b5-bmb-51-508], [@b6-bmb-51-508]). Autophagy was suppressed in the superficial zone of articular cartilage in response to mechanical injury ([@b7-bmb-51-508]).

Fibronectin (FN) is an ECM glycoprotein present in cartilage and synovial fluid ([@b8-bmb-51-508]). Fibronectin fragments (FN-fs) of 29-, 45-, 120-, and 200-kDa derived from FN are found in OA cartilage and synovial fluid, and they stimulate the production of various inflammatory cytokines, such as TNF-α and IL-1β ([@b9-bmb-51-508], [@b10-bmb-51-508]). In particular, 29-kDa fibronectin fragment (29-kDa FN-f), the most potent molecule, is associated with proteoglycan breakdown by up-regulating NO, catabolic cytokines, and MMP family proteins in articular chondrocytes ([@b11-bmb-51-508], [@b12-bmb-51-508]). Previously, we reported that 29-kDa FN-f stimulates expression of catabolic factors through the toll-like receptor 2 (TLR-2)-dependent signaling pathway ([@b13-bmb-51-508]). However, it is unknown whether 29-kDa FN-f regulates the autophagy pathway in chondrocytes.

High-mobility group box 1 (HMGB1), a non-histone DNA-binding protein in the nuclei, regulates transcription and DNA repair in the nucleus ([@b14-bmb-51-508]). Previous studies demonstrated that HMGB1 is a potent regulator of autophagy, and translocation of nuclear HMGB1 into cytoplasm by cellular stress induces autophagy ([@b14-bmb-51-508]). Cytoplasmic HMGB1 by binding to Beclin-1 leads to autophagy, whereas a complex of Beclin-1 and Bcl-2 suppresses it ([@b15-bmb-51-508]). In addition, HMGB1 is released into extracellular spaces in response to a variety of stimuli and works as a damage-associated molecular pattern (DAMP). For example, HMGB1 induces cellular senescence after release in a p53-dependent manner ([@b16-bmb-51-508], [@b17-bmb-51-508]). A previous report showed that HMGB1 increases pro-inflammatory responses in chondrocytes in the presence of 29-kDa FN-f more than does treatment with HMGB1 alone ([@b18-bmb-51-508]).

In this study, we investigated whether 29-kDa FN-f regulates HMGB1 expression, its extracellular release, and HMGB1-mediated autophagy in human articular chondrocytes.

RESULTS
=======

29-kDa FN-f altered HMGB1 expression in human articular chondrocytes
--------------------------------------------------------------------

To reveal the effect of HMGB1 on the pathogenesis of OA, the level of HMGB1 in the normal and OA cartilages was examined. HMGB1 expression in OA cartilage was significantly reduced much more than in normal cartilage ([Fig. 1A](#f1-bmb-51-508){ref-type="fig"}). We next examined the effect of 29-kDa FN-f on HMGB1 expression in primary human chondrocytes. HMGB1 expression was maximally induced at 3 h in the control culture, whereas 29-kDa FN-f suppressed it at 3, 6, and 24 h ([Fig. 1B](#f1-bmb-51-508){ref-type="fig"}). On the other hand, the level of HMGB1 protein increased at the early phase (1 and 3 h incubation) and decreased at the late phase (6 and 24 h incubation) in chondrocytes treated with 29-kDa FN-f ([Fig. 1C](#f1-bmb-51-508){ref-type="fig"}).

29-kDa FN-f induced cytoplasmic translocation of HMGB1 and subsequently released HMGB1 into extracellular space
---------------------------------------------------------------------------------------------------------------

We examined whether 29-kDa FN-f induces the extracellular secretion of HMGB1. Western blot analysis showed that the level of HMGB1 in the cytoplasmic fractions was increased, whereas that of the nuclear fraction decreased at 24 h after stimulation with 29-kDa FN-f ([Fig. 2A](#f2-bmb-51-508){ref-type="fig"}). Fluorescence microscopy revealed the down-regulation of nuclear HMGB1 in 29-kDa FN-f-stimulated cells ([Fig. 2B](#f2-bmb-51-508){ref-type="fig"}). Enzyme-linked immunosorbent assay (ELISA) data showed that HMGB1 was released into the culture media throughout the 48-h culture period, and 29-kDa FN-f led to its increase ([Fig. 2C](#f2-bmb-51-508){ref-type="fig"}). The results demonstrate that 29-kDa FN-f stimulates the translocation of nuclear HMGB1 into the cytoplasm and subsequent release of HMGB1 into the extracellular space.

29-kDa FN-f inhibited autophagy through a mammalian target of rapamycin (mTOR)/HMGB1-dependent signaling pathway
----------------------------------------------------------------------------------------------------------------

We investigated whether 29-kDa FN-f inhibits the autophagy signaling pathway. We measured the level of microtubule-associated protein 1 light-chain 3-II (LC3-II), an autophagy marker, using immmunoblot and fluorescence microscopy analysis. The level of LC3-II was significantly decreased by 24 h treatment with 29-kDa FN-f ([Fig. 3A and B](#f3-bmb-51-508){ref-type="fig"}), indicating that 29-kDa FN-f significantly suppresses autophagy. Western blot analysis demonstrated that 29-kDa FN-f elevated phosphorylation of mTOR, an inhibitor of autophagy ([Fig. 3C](#f3-bmb-51-508){ref-type="fig"}). In addition, the level of phospho-eIF4E-binding protein 1 (4E-BP1), the substrate of mTOR, was increased in the presence of 29-kDa FN-f ([Fig. 3C](#f3-bmb-51-508){ref-type="fig"}).

HMGB1 leads to autophagy when it forms a complex with Beclin-1. On the other hand, the association of Beclin-1 and Bcl-2 inhibits autophagy ([@b15-bmb-51-508], [@b19-bmb-51-508]). We examined whether 29-kDa FN-f affects the formation of the Beclin-1/Bcl-2 and Beclin-1/HMGB1 complex. After 24 h exposure to 29-kDa FN-f, cell lysates were immunoprecipitated with antibodies against Beclin-1 or HMGB1. Immunoprecipitation (IP) data showed that 29-kDa FN-f elevated the formation of Bcl-2/Beclin-1 complex, which inhibits autophagy pathway, and suppressed the formation of the HMGB1/Beclin-1 complex, which induces the HMGB1-dependent autophagy pathway ([Fig. 3D](#f3-bmb-51-508){ref-type="fig"}). Therefore, these results demonstrated that 29-kDa FN-f not only activated the mTOR signaling pathway, but also induced the interaction of Bcl-2/Beclin-1 rather than the HMGB1/Beclin-1 complex, subsequently inhibiting the mTOR/HMGB1-dependent autophagy pathway.

mTOR knockdown antagonized the 29-kDa FN-f-inhibited autophagy signaling pathway
--------------------------------------------------------------------------------

To find out whether 29-kDa FN-f regulates autophagy and catabolic responses through the mTOR signaling pathway, chondrocytes were transfected using si-mTOR or control siRNA, followed by stimulation with 29-kDa FN-f (300 nM) for 24 h. Western blot analysis revealed that mTOR silencing decreased phosphorylation of 4E-BP1 and subsequently increased the level of LC3-II, an autophagy marker, more than did si-control-transfected chondrocytes in the control culture ([Fig. 4A](#f4-bmb-51-508){ref-type="fig"}). Although the phosphorylation of 4E-BP1 increased and the expression of LC3-II and HMGB1 decreased in chondrocytes treated with 29-kDa FN-f, mTOR knockdown attenuated the phosphorylation of 4E-BP1 and reversed the level of LC3-II and HMGB1 ([Fig. 4A](#f4-bmb-51-508){ref-type="fig"}). In addition, 29-kDa FN-f strongly up-regulated MMP-1 and MMP-3, whereas mTOR knockdown significantly suppressed both MMP-1 and -3. These results indicate that 29-kDa FN-f negatively modulated autophagy as well as catabolic response via the mTOR signaling pathway.

DISCUSSION
==========

We previously reported that 29-kDa FN-f potently induced the expression of catabolic factors, including MMP-1, -3, and -13 ([@b13-bmb-51-508]). In this study, we investigated whether 29-kDa FN-f regulates HMGB1 expression and cytoplasmic translocation. The modulation of HMGB1-dependent autophagy signaling in human articular chondrocytes was also investigated. Our results show that 29-kDa FN-f elevates extracellular release of HMGB1 and inhibits autophagy signaling by activating the mTOR signaling pathway as well as by suppressing the HMGB1/Beclin-1 complex ([Fig. 4B](#f4-bmb-51-508){ref-type="fig"}).

The role of DAMPs, such as HMGB1, hyaluronan fragments, and FN-fs in the induction of a vicious cycle of OA cartilage destruction has been postulated, because they are produced in the process of matrix degradation and in turn increase expression of inflammatory cytokines and MMPs ([@b20-bmb-51-508]). Increased levels of FN and FN-fs of 30--200 kDa are found in cartilage and synovial fluid from patients with OA and RA ([@b10-bmb-51-508], [@b21-bmb-51-508], [@b22-bmb-51-508]). In line with its role as a DAMP, 29-kDa FN-f increased the expression of MMPs via the TLR-2 signaling pathway ([@b13-bmb-51-508]). Of the HMGB protein family members, including HMGB1, 2, 3, and 4, HMGB1 is ubiquitously expressed and up-regulates the expressions of MMP-1, -3, and -9 by interacting with multiple TLRs ([@b23-bmb-51-508]--[@b26-bmb-51-508]). In addition, HMGB1 functions as a nuclear DNA chaperone to support DNA replication within the nucleus ([@b25-bmb-51-508], [@b27-bmb-51-508]) and as a protein chaperone to prevent protein aggregation ([@b28-bmb-51-508]). HMGB1 can be translocated from the nucleus to the cytosol and then be extracellularly released during cell death, including necrosis, apoptosis, and pyroptosis ([@b29-bmb-51-508]). Several studies suggested that the synovial fluid level of HMGB1 is correlated with OA severity. Research using bovine cartilage and synovial fluid showed that the OARSI score of joints correlated with the extent of HMGB1 labeling in the ECM, chondrocyte nuclei, and cytoplasm, indicating that the switch of HMGB1 from a DNA-binding nuclear protein to an extracellular alarmin/cytokine correlates with the destruction of cartilage ([@b30-bmb-51-508]). In line with the suggested role of HMGB1 as a DAMP, HMGB1 neutralization by injection with an anti-HMGB1 antibody protected against lipopolysaccharide-induced lethality in mice ([@b31-bmb-51-508]). In our data, early treatment with 29-kDa FN-f increased the cellular level of HMGB1, and longer treatment significantly decreased the cellular level of HMGB1, because of a sharp increase in translocation of nuclear HMGB1 into the cytoplasm as well as extracellular release of HMGB1. Our result shows that 29-kDa FN-f may function as an amplifier of damage response in OA by up-regulating HMGB1 extracellular release.

We also found that 29-kDa FN-f inhibits chondrocyte autophagy by inducing the formation of more of the Bcl-2:Beclin-1 complex than of the HMGB1:Beclin-1 complex. Because chondrocytes maintain fine balance of synthesis and turnover of ECM, regulation of cell metabolism and survival by autophagy is considered an important mechanism for maintaining cartilage integrity ([@b32-bmb-51-508]). Decreased autophagy and cellularity with increased apoptosis were found in aged mouse knee joints ([@b5-bmb-51-508]). Human OA cartilage and animal OA models revealed highly expressed mTOR, increased apoptosis, and reduced expression of autophagic genes ([@b33-bmb-51-508]). Furthermore, mechanical injury also suppresses autophagy, with decrease of Beclin-1 and LC3 expression, in the superficial zone of cartilage, with induction of cell death and loss of soluble glycosaminoglycan ([@b7-bmb-51-508]). In contrast, another study showed that autophagy in the OA pathogenesis may function differently in young and OA cartilage, leading to chondrocyte protection or death depending on age ([@b34-bmb-51-508]).

Autophagy and apoptosis are modulated by both Bcl-2 and Beclin-1 expression levels and localization of the Bcl-2:Beclin-1 complex. In particular, Bcl-2 inhibits assembly of autophagogome structures by binding to Beclin-1, subsequently suppressing autophagy, whereas HMGB1 disrupts interaction of Bcl-2:Beclin-1 by competing with Bcl-2 for interaction with Beclin-1 and driving Beclin-1 to autophagosomes, leading to the autophagy pathway ([@b15-bmb-51-508], [@b35-bmb-51-508]). Several studies showed that the mTOR signaling pathway was a key regulator of autophagy in OA cartilage. Increased expression of mTOR in peripheral blood mononuclear cells of patients were related to disease activity represented by synovitis, and more significant up-regulation of mTOR levels was found in the lesional area of the OA cartilage than in the non-lesional area ([@b36-bmb-51-508], [@b37-bmb-51-508]). Beclin-1 overexpression mitigated the phsophoinositol-3 kinase (PI3K)/protein kinase B (AKT)/mTOR signaling pathway, which led to increased cell viability, and inhibition of apoptosis and MMP expression ([@b38-bmb-51-508]). Furthermore, inhibition of mTOR by treatment with rapamycin led to significant suppression of cartilage degeneration in a surgically induced OA mouse model and chondroprotection in human OA chondrocytes ([@b39-bmb-51-508], [@b40-bmb-51-508]). In our experiments, 29-kDa FN-f down-regulated LC3-II level by activating the mTOR signaling pathway.

In summary, our results demonstrate that 29-kDa FN-f regulated the expression of HMGB1, the cytoplasmic translocation of HMGB1, and subsequent extracellular secretion of HMGB1. In addition, 29-kDa FN-f inhibits the autophagy pathway by modulating the mTOR/HMGB1-dependent pathway, thereby harming articular chondrocytes. Modulation of the autophagy pathway inhibited by 29-kDa FN-f may be a useful strategy in the treatment of OA cartilage degradation.

MATERIALS AND METHODS
=====================

Materials, quantitative real-time reverse-transcription polymerase chain reaction analysis, immunofluorescence microscopy, and IP assay are described in the [Supplementary Materials](#s1-bmb-51-508){ref-type="supplementary-material"}.

Primary chondrocytes isolation and culture
------------------------------------------

OA cartilage samples were obtained from the knee joints of OA patients (*n* = 20, 74.1 ± 5.4 years of age) at the time of total knee replacement surgery. Patient diagnoses were based on the criteria set forth by the American College of Rheumatology. Normal cartilage samples were obtained from the femoral head of patients (*n* = 9, 73.7 ± 10.1 years of age) with femoral neck fractures and no known history of OA or RA. The collection and use of human tissue samples was reviewed and approved by the Institutional Review Board of Hallym University Sacred Heart Hospital, Anyang, Korea (approval number 2013-I022). All patients provided written informed consent for the use of the discarded cartilage samples.

Human primary chondrocytes were isolated from the articular cartilage and cultured as previously described ([@b13-bmb-51-508]).

Western blot analysis
---------------------

Cell lysates were prepared with radioimmunoprecipitation assay (RIPA) lysis buffer, and western blot analysis was performed as described previously ([@b41-bmb-51-508], [@b42-bmb-51-508]).

ELISA
-----

The level of HMGB1 released from chondrocytes into culture medium was measured using Human HMGB1 ELISA kits (Elabscience Biotechnology, Houston, TX, USA). Briefly, 100 μl of culture medium was added to each well of a 96-well plate, and 100 μl of biotinylated detection antibody was also added for 30 min at 37°C. After washing with wash buffer, 100 μl of HRP conjugate was added to each well for 30 min at 37°C followed by incubation with substrate reagent for 15 min at 37°C. The absorbance was measured at 450 nm using an ELISA reader.

Statistical analysis
--------------------

Data are expressed as the mean ± standard deviation (SD). Statistical analyses were performed using a Mann-Whitney *U* test or two-way analysis of variance. A value of P \< 0.05 was considered statistically significant.
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![High-mobility group box 1 (HMGB1) expression was modulated by 29-kDa FN-f. (A) Relative expression of HMGB1 in human normal and osteoarthritis (OA) cartilage. Relative expression of HMGB1 in normal and OA cartilage was measured using SYBR Green-based real-time polymerase chain reaction (PCR). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the endogenous control. \*P \< 0.05 vs. normal cartilage. Data are presented as the mean ± standard deviation (SD) of data from duplicate experiments using cartilage from different donors (normal cartilage, *n* = 9 and OA cartilage, *n* = 20). (B, C) mRNA and protein expression of HMGB1 altered by 29-kDa FN-f. Chondrocytes were stimulated with 29-kDa FN-f (300 nM) for 1, 3, 6, and 24 h. mRNA and protein levels of HMGB1 were measured using (B) qRT-PCR and (C) western blot analysis, respectively. \*P \< 0.05 and \*\*\*P \< 0.005 vs. untreated cells at each time point. Data are presented as the mean ± SD of data from duplicate data using chondrocytes from three different donors.](bmb-51-508f1){#f1-bmb-51-508}

![Translocation of nuclear HMGB1 was increased by 29-kDa FN-f. (A, B) 29-kDa FN-f induced the cytoplasmic localization of HMGB1. Cytoplasmic and nuclear fractions were isolated from chondrocytes treated with 29-kDa FN-f for 6 and 24 h. TATA-binding protein (TBP) and β-actin were used as loading controls for nuclear and cytoplasmic fraction, respectively. (B) Localization of HMGB1 was evaluated in primary chondrocytes in the presence or absence of 29-kDa FN-f using fluorescence microscopy. Nuclei were stained with DAPI. Scale bars = 20 μm. (C) Release of HMGB1 into the extracellular milieu was increased by prolonged treatment with 29-kDa FN-f. Culture medium was collected from primary chondrocytes treated with 29-kDa FN-f. The levels of HMGB1 released into the medium were measured by enzyme-linked immunosorbent assay (ELISA). Data are expressed as the mean ± SD of duplicate data from more than three independent experiments. ns, not significant, \*P \< 0.05, \*\*\*P \< 0.005, and \*\*\*\*P \< 0.001 vs. untreated cells.](bmb-51-508f2){#f2-bmb-51-508}

![Autophagy was inhibited by 29-kDa FN-f. (A, B) LC3-II level was decreased by 29-kDa FN-f. LC3-II level was measured by (A) immunofluorescence microscopy and (B) western blot analysis. Nuclei were stained with DAPI. (C) Activation of mTOR and 4E-BP1 by 29-kDa FN-f. Phosphorylation of mTOR and 4E-BP1 in chondrocytes treated with 29-kDa FN-f was measured by western blot analysis. (D) The formation of HMGB1/Beclin-1 complex was diminished by 29-kDa FN-f. Interaction with HMGB1 and Beclin-1 in chondrocytes untreated and treated with 29-kDa FN-f was assessed by using an immunoprecipitation (IP) assay. After IP of cell lysates with an antibody against HMGB1, Beclin-1 or IgG, protein samples were subjected to western blot assay. IP with IgG served as a negative control.](bmb-51-508f3){#f3-bmb-51-508}

![mTOR silencing restored the 29-kDa FN-f-suppressed LC3-II level and HMGB1 in primary chondrocytes. (A) Chondrocytes were transfected with control siRNA (**si-con**) and small interfering mTOR RNA (si-mTOR); 48 h later chondrocytes were stimulated with 29-kDa FN-f for 24 h. The protein levels were measured using western blot analysis. β-actin served as loading controls. (B) Schematic diagram of mechanism leading to 29-kDa FN-f--suppressed HMGB1-dependent autophagy pathway in primary chondrocytes.](bmb-51-508f4){#f4-bmb-51-508}
